The aacA29b gene, which confers an atypical aminoglycoside resistance pattern to Escherichia coli, was identified on a class 1 integron from a multidrug-resistant isolate of Pseudomonas aeruginosa. On the basis of amino acid sequence homology, it was proposed that the gene encoded a 6-N-acetyltransferase. The resistance gene was cloned into the pET23a(؉) vector, and overexpression conferred high-level resistance to the usual substrates of the aminoglycoside N-acetyltransferase AAC ( 
Aminoglycosides constitute a large family of broad-spectrum antibacterial compounds that have proven efficiency in the treatment of severe infections. Despite the fact that numerous bacterial species have developed resistance to these compounds, their potent bactericidal activity and their ability to interact synergistically with other antimicrobial agents have retained their utility in clinical practice. In particular, their use in combination with an effective ␤-lactam remains the preferred therapeutic approach to treat the increasing number of nosocomial infections caused by opportunistic pathogens, such as Pseudomonas (6, 13, 30) .
Known resistance mechanisms for aminoglycosides can be classified into three types. Modification of the primary target of the drug by mutations in the genes encoding either the 16S rRNA or ribosomal proteins primarily affects the activity of streptomycin and is clinically significant only in Mycobacterium species (11, 19) . Aminoglycoside resistance can also result from an insufficient intracellular concentration of the drug. Changes in the permeability of the outer membrane or alteration of specific cytoplasmic transport systems can reduce the uptake of aminoglycosides (8, 12) . In addition, resistance caused by the expression of energy-dependent transporters, able to pump aminoglycosides out of the cell, has recently been reported (1, 16, 18) . These two mechanisms, independently or in combination, can lead to intrinsic aminoglycoside resistance, as is often observed in Pseudomonas aeruginosa (13, 21, 26) . Finally, the enzymatic modification of the antibiotic, resulting in a loss of antibacterial activity due to a diminished affinity for the ribosomal A site target (14) , is by far the most important mechanism of aminoglycoside resistance (6, 21, 29) . Three activities can cause covalent modification of the aminoglycosides: O phosphorylation, O nucleotidylation, and N acetylation (5, 28) . Aminoglycoside N-acetyltransferases (AACs) catalyze the transfer of an acetyl group from acetyl coenzyme A (acetyl-CoA) to an amine function of the aminoglycoside. These enzymes are further subclassified according to the site of the regioselective modification of the aminoglycoside and the pattern of resistance that they confer. The production of AAC(6Ј)-I, which modifies the 6Ј amino group, is associated with resistance to most of the aminoglycosides used in antibacterial chemotherapy; including kanamycin, amikacin, tobramycin, dibekacin, netilmicin, and sisomicin (28) . A number of kinetic studies have been performed with AAC enzymes, and they demonstrate that these enzymes exhibit an efficient AAC activity involving a sequential kinetic mechanism (10, 17, 24, 27) . Finally, these different mechanisms of resistance can be combined to obtain a very high level of aminoglycoside resistance (21) .
The aacA29a and aacA29b genes were identified from a multidrug-resistant clinical isolate of P. aeruginosa, RON-2 (23), that exhibits high-level resistance to various aminoglycosides. Both genes are part of individual gene cassettes located on the In59 class 1 integron carried on the chromosome of the strain (7, 23) . In addition to the two aacA29 genes and to the sulI and qacE genes that are usually carried by the class 1 integrons, responsible for sulfonamide and antiseptic resistance, respectively, In59 contains the bla VIM-2 gene encoding a carbapenem hydrolyzing ␤-lactamase (23) . The amino acid sequences deduced from both aacA29 genes were 96% identical to each other, differing by only four amino acids located in the central part of the proteins (23) . The AAC(6Ј)-29 members exhibit significant amino acid sequence similarity to members of the major AAC(6Ј)-I subfamily (25) , including a large number of completely conserved residues. However, both AAC(6Ј)-29 proteins are shorter than the other members of the subfamily, containing 131 amino acids as opposed to the 144 to 153 amino acid residues present in the other subfamily members. Low-level expression of either the aacA29a or aacA29b gene confers the same atypical aminoglycoside resistance pattern to an E. coli host: decreased susceptibility to amikacin, tobramycin, and kanamycin but an unusual susceptibility to netilmicin. In addition, strains expressing both genes were shown to be resistant to a higher level of aminoglycosides than the strains harboring only one of them (23) .
In the study reported here, we have cloned and overexpressed the aacA29b gene and purified the corresponding sixHis-tagged protein. We have studied AAC(6Ј)-29b-His 6 for its ability (i) to confer aminoglycoside resistant to a heterologous host, (ii) to catalyze aminoglycoside acetylation in presence of acetyl-CoA, and (iii) to bind the different substrates of this reaction. These experiments, together with the comparative analysis of the primary sequence of the protein, have allowed us to propose a novel mechanism of aminoglycoside resistance mediated by AAC(6Ј)-29b.
MATERIALS AND METHODS
Cloning and expression of aacA29b. The aacA29b gene was amplified from pNOR-2003 plasmid DNA (23) by PCR with the oligodeoxynucleotides O1 (5Ј-CGGCTTTCATATGTCGATCTTACCTGTGAAAG-3Ј, complementary to the amino-terminal coding strand of the gene) and O2 (5Ј-CGGAATTCAATG GTGATGGTGATGGTGGACGGCGCTGCCTGC-3Ј, complementary to the carboxy-terminal noncoding strand and containing a six-His tagged coding region [boldface letters]) as primers. PCR was performed with Taq DNA polymerase (Stratagene) under standard conditions. The amplification product was ligated into the pCR2.1 vector (TA cloning kit; Invitrogen), and the recombinant plasmid was purified with the Wizard Miniprep DNA kit (Promega). The NdeIEcoRI-digested insert (restriction sites underlined in the oligodeoxynucleotide sequences) was purified on an agarose gel and ligated into the pET23a(ϩ) expression vector (Novagen) previously digested with the same restriction enzymes. The resulting recombinant plasmid was used as a template to determine the sequence of the insert by the dideoxynucleotide chain termination method (sequencing facility, Albert Einstein College of Medicine, Bronx, N.Y.) and to transform E. coli BL21(DE3) competent cells (Novagen). The transformants were selected on Luria broth (LB) agar containing 100 g of ampicillin per ml. A single colony was used to inoculate 1 liter of LB medium containing the selective agent and grown at 37°C until the optical density at 600 nm reached 0.5. The temperature was then reduced to 18°C for 1 h before the expression of the aacA29b gene was induced by addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). The culture was then grown for an additional 4 h at 18°C. Analysis of the overexpressed aacA29b-his 6 gene was carried out by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10 to 15% Phastgels (PhastSystem; Pharmacia).
Cloning of aacA29b in pBAD expression vector. The aacA29b gene was amplified from pET23a(ϩ)::aacA29b-his 6 plasmid DNA by PCR with the oligodeoxynucleotides O2 (defined above) and O3 (5Ј-GAAGATCTAGGAGGAATAG ACCATGTCGATCTTACC TGTGAAAG-3Ј, complementary to the aminoterminal coding strand of the gene and containing a ribosome binding site [boldface letters]) as primers. PCR was performed with Pfu DNA polymerase (Stratagene) under standard conditions. The amplification product was ligated into the pCR blunt vector (Zero blunt cloning kit; Invitrogen), and the recombinant plasmid was restricted with BglII and EcoRI (restriction sites underlined in the oligodeoxynucleotide sequences). The insert was purified and ligated into the pBAD/Myc-HisA expression vector (Invitrogen) previously digested with the same restriction enzymes. The recombinant plasmid pBAD::aacA29b-his 6 was introduced by heat shock into E. coli LMG194 (Invitrogen) competent cells, and the transformants were selected on LB agar containing 100 g of ampicillin per ml.
Protein purification. Cells (10 g) were recovered by centrifugation from 6 liters of an LB culture of E. coli BL21(DE3)/pET23a(ϩ)::aacA29b-his 6 , grown as described above, and were resuspended in 80 ml of 20 mM triethanolamine hydrochloride (TEA; pH 7.8), containing lysozyme (0.2 mg/ml), one Complete protease inhibitor cocktail tablet, 4 mM MgCl 2 , and 80 g of DNase I per ml. All subsequent steps were performed at 4°C. After being stirred for 30 min, cells were lysed by ultrasonic disruption for 6 min, and cell debris was removed by centrifugation at 27,000 ϫ g for 45 min. The supernatant was dialysed against 20 mM TEA (pH 7.8) containing 300 mM NaCl for 2 h and centrifuged again for 45 min at 19,000 rpm. The clear crude extract was applied to a column containing 50 ml of Ni-nitrilotriacetic acid (NTA) His.Bind resin (Novagen) equilibrated with the same solution. Proteins were eluted at 1 ml/min with a linear 25 to 250 mM imidazole gradient. The fractions eluting between 100 and 150 mM imidazole and containing a major protein band of approximately 15 kDa by SDS-PAGE-in agreement with the theoretical molecular mass of AAC(6Ј)-29b-His 6 -were pooled, concentrated and dialyzed for 4 h against 20 mM TEA (pH 7.8). The 10-ml protein solution obtained was then applied to a 30-ml MonoQ anion-exchange column (Pharmacia), and protein was eluted at 1 ml/min with a 0 to 600 mM NaCl linear gradient. Fractions containing AAC(6Ј)-29b-His 6 eluting between 330 and 500 mM NaCl were pooled, concentrated to 4 ml, and applied to a 320-ml Sephacryl S-200 HR gel filtration column equilibrated with 50 mM HEPES (pH 7.5). The protein was eluted at 0.5 ml/min with 160 ml of the same buffer. The fractions of interest were pooled, concentrated, and stored at Ϫ20°C in 50% glycerol.
Analytical methods. The native molecular weight of AAC(6Ј)-29b-His 6 was determined on a 25-ml Superose 12 HR gel filtration column (Pharmacia), eluted at 0.2 ml/min with 50 mM HEPES (pH 7.5), containing 100 mM NaCl and previously calibrated with gel filtration molecular weight standards from BioRad. The protein concentration was estimated by the Bio-Rad protein assay method with bovine serum albumin as a standard. The molecular mass of the protein was determined by electrospray ionization-mass spectrometry (Laboratory for Macromolecular Analysis and Proteomics, Albert Einstein College of Medicine, N.Y.).
Measurement of acetyltransferase activity. AAC activity was determined spectrophotometrically by measuring the increase in A 412 due to the formation of 5-thio-2-nitrobenzoate resulting from the reaction between the sulfhydryl group of the product of the acetyltransfer reaction, CoA-SH, and 5,5Ј dithiobis(2-nitrobenzoic acid) (DTNB). The reaction was monitored with a UVIKON XL spectrophotometer (Research Instruments, San Diego, Calif.) either continuously or discontinuously. In both cases, assay mixtures contained 50 mM HEPES buffer (pH 7.5), acetyl-CoA (100 to 300 M), and aminoglycoside (0 to 100 M), and the reactions were initiated by the addition of AAC(6Ј)-29b-His 6 (0.3 to 3 M). In continuous assays, the absorbance of 1 ml of reaction mixture containing DTNB (200 M) was monitored for 3 to 5 min at room temperature. The discontinuous assays were carried out by measuring the A 412 of a 1-ml aliquot of a reaction mixture incubated for different fixed time intervals (0 to 60 min) at 37°C in the presence of DTNB. To ensure that DTNB did not inactivate the enzyme, these essays were repeated in the absence of DTNB, which was added subsequently. In all cases, positive controls were performed with the Salmonella enterica AAC(6Ј)-Iy enzyme (17) .
Fluorescence titration. Fluorescence measurements were recorded on a FluoroMax-3 spectrofluorometer with excitation and emission slit widths of 3.2 nm. The excitation wavelength was fixed at 295 nm (specific for tryptophan), and the emission spectrum between 310 and 450 nm was recorded. The fluorescence measurements were performed by titrating 3 ml of a 2 M protein solution in 50 mM HEPES buffer (pH 7.5) containing 50 M dithiothreitol, 100 M EDTA, and 0.02% (vol/vol) Tween 80 with aliquots (1.5 to 15 l) of aminoglycoside or acyl-CoA solutions (2 M to 50 mM), followed by monitoring the change in fluorescence at 346 nm Determination of MICs. The MICs of selected aminoglycosides were determined by the agar dilution technique with an inoculum of 10 4 CFU per spot. For E. coli BL21(DE3) containing either pET23a(ϩ) or the recombinant plasmid pET23a(ϩ)::aacA29b-his 6 , MICs were determined on Mueller-Hinton (MH) agar plates. RM agar media (Invitrogen) containing various amounts of L-arabinose were used for E. coli LMG194/pBAD::aacA29b-his 6 . The plates were read after a 16-h incubation at 37°C.
Materials. Chemicals, buffer, ampicillin, lysozyme, DTNB, acetyl-CoA, and aminoglycosides were purchased from Sigma Aldrich Chemical Co. LB and MH media, DTT, IPTG, and Tween 80 were obtained from Fisher Biotech. BglII, NdeI, and EcoRI were obtained from New England BioLabs, and the Complete protease inhibitor cocktail tablet and DNase I were obtained from Roche Molecular Biochemicals.
RESULTS
Purification and properties of AAC(6)-29b-His 6 . The nucleotide sequence of the aacA29b-his 6 gene cloned into pET23a(ϩ) revealed one nucleotide difference from the previously published sequence (23), leading to one amino acid change in the encoded protein (in addition to the six histidine residues added at the C terminus). Amino acid 39 of AAC(6Ј)-29b-His 6 was identified as Leu instead of Phe (Fig. 1) . The corresponding recombinant vector was used to overexpress the gene in E. coli BL21(DE3). A three-step purification procedure led to the purification of approximately 120 mg of Ͼ95% pure soluble protein from 6 liters of culture. Mass spectrometry analysis of the protein indicated a subunit molecular mass of 15,402 Da compared to the theoretical value of 15,400 Da, and the elution volume of the protein from both Sephacryl S-200 and Superose 12 gel filtration column indicated an apparent molecular mass of approximately 30,000 Da, suggesting that the protein is a dimer in solution.
Pattern of resistance conferred by AAC(6)-29b-His 6 to E. coli. In order to verify that the purified protein with the determined amino acid sequence mentioned above and the C-terminal His 6 tag was able to confer aminoglycoside resistance, we determined the MICs of various aminoglycosides for E. coli BL21(DE3) harboring either the pET23a(ϩ) vector without insert or the recombinant vector pET23a(ϩ)::aacA29b-his 6 . The MICs obtained (Table 1) demonstrated that under these experimental conditions, where the structural gene is placed under the control of the strong T7 promoter, the AAC(6Ј)-29b-His 6 protein was able to confer to E. coli BL21(DE3) high-level resistance (up to Ͼ256 g/ml) to tobramycin, dibekacin, kanamycin A, and sisomicin and a lower-level resis- 6 gene under the control of the very tightly regulated P BAD promoter, we demonstrated that the transcription level of the resistant gene was directly correlated with the level of resistance to dibekacin conferred to E. coli LMG194, but did not significantly affect the sensitivity of the strain to netilmicin (Table 2) . Indeed, the MIC of dibekacin for E. coli LMG194/pBAD::aacA29b-his 6 increased proportionally from 16 to 512 g/ml with the amount of the added transcriptional inducer L-arabinose over a 10,000-fold range (0.00002 to 0.2%), while the MIC of netilmicin only doubled.
Measurement of AAC activity. The AAC activity of AAC(6Ј)-29b-His 6 was studied spectrophotometrically by first continuously measuring the change in the A 412 . With this assay, carried out at room temperature in the absence or presence of 0.3 M enzyme obtained from multiple independent purifications, 100 M acetyl-CoA, and up to 100 M aminoglycoside, we were unable to detect any significant amikacin-, dibekacin-, kanamycin-, or sisomicin-dependent acetyltransferase activity for AAC(6Ј)-29b-His 6 . Under identical conditions, we could demonstrated a robust, and reproducible activity with AAC(6Ј)-Iy (17) as a positive control (data not shown). To ensure that AAC(6Ј)-29b-His 6 was not inactivated in the presence of DTNB in the assay mixtures, we performed discontinuous assays in the absence of DTNB, incubating the reaction mixture under the same conditions described above, but adding DTNB to aliquots taken after various reaction times (0 to 12 min). No significant CoA-SH production could be detected. Finally, discontinuous assays were carried out by incubating the reaction mixture in the presence of 1.5 to 3 M AAC(6Ј)-29b-His 6 , 50 M aminoglycoside, 125 to 250 M acetyl-CoA, and DTNB for 0, 10, 20, 40, or 60 min at 37°C. By using this assay, extremely feeble tobramycin-, kanamycin-, sisomicin-, amikacin-and netilmicin-acetyltransferase activities were detected compared to those of the negative control performed without aminoglycoside or with the 6Ј-hydroxyl-containing aminoglycoside, lividomycin A (data not shown). The rate of the AAC reaction catalyzed by AAC(6Ј)-29b-His 6 was estimated to be 100 to 1,000 times slower than the corresponding rate of AAC(6Ј)-Iy (depending on the identity of the aminoglycoside and the concentration of acetyl-CoA).
Titrations of AAC(6)-29b-His 6 with different ligands. The aminoglycosides tested (Fig. 2) can be separated into three (Fig. 3) . The slope of the plot of log [( (Fig. 3, inset) , indicating the formation of a 1:1 complex between the dimeric enzyme and the ligand under the experimental conditions. The titration of AAC(6Ј)-29b-His 6 with two acetyl donors, acetyl-CoA and malonyl-CoA (1 to 1,000 M), did not result in any change in the intrinsic fluorescence of the protein (Յ3%). Additionally, no interaction between acetyl-CoA and AAC(6Ј)-29b-His 6 could be detected by ITC (data not shown). Acetyl-CoA injections were associated with a minute heat variations of Ϫ0.35 to Ϫ0.25 cal/s, and the heat change was not saturable up to a final concentration of 560 M acetyl-CoA.
DISCUSSION
Enzymatic modification of the antibiotic is the most prevalent mechanism of bacterial aminoglycoside resistance (6, 21, 29) . The AAC(6Ј) members represent one major subclass of these enzymes, catalyzing N-acetyl transfer from acetyl-CoA to the 6Ј amino group of the drug. The aacA29b gene was identified from a multidrug-resistant clinical isolate of P. aeruginosa, in which the gene was located on a class 1 integron with other resistance genes. This clinical strain exhibits high-level resistance to various aminoglycosides (Ն256 g/ml) and an intermediate resistance to netilmicin (8 g/ml). The AAC(6Ј)-29b encoded amino acid sequence is highly homologous to the sequences of the enzymes belonging to the major AAC(6Ј)-I subfamily (25 to 40% identity). However, the AAC(6Ј)-29b protein, which contains 131 amino acids, is shorter than all other members of the family and confers an atypical aminoglycoside resistance pattern to E. coli.
The MICs determined for E. coli BL21(DE3)/pET23a(ϩ), used as control, and E. coli BL21(DE3)/pET23a(ϩ)::aacA29b-his 6 showed that the resistant gene, when overexpressed, conferred to the strain a high level of resistance to most of the usual substrates of AAC(6Ј)-I enzymes (Table 1 ). These results demonstrate that the addition of a His 6 tag at the C terminus of the protein and the F39L change did not abolish the ability of the protein to confer aminoglycoside resistance. The resistance to amikacin and the susceptibility to gentamicin are characteristic of the AAC(6Ј)-I-type modification; however, the susceptibility to netilmicin is contrary to the expected pattern of resistance for strains expressing AAC(6Ј)-I enzymes.
Of the kinetic and mechanistic studies that have been reported for AACs, all reveal a robust acetyltransferase activity (10, 17, 24, 27) . The AAC activity of AAC(6Ј)-29b-His 6 , determined in this study, was extremely feeble and was similar for netilmicin and aminoglycosides for which a high MIC was determined for E. coli BL21(DE3)/pET23a(ϩ)::aacA29b-his 6 . Both these qualitative and quantitative findings are inconsistent with the hypothesis that aminoglycoside resistance mediated by the expression of the aacA29b gene is due to N acetylation of the drug.
The ability of different aminoglycosides and acetyl-CoA to bind to AAC(6Ј)-29b-His 6 and their affinity for the protein were then investigated by exploiting the intrinsic fluorescence of AAC(6Ј)-29b due to three residues (W14, W22, and W103) completely conserved among the AAC(6Ј)-I family (Fig. 1) . The significant change in the intrinsic fluorescence of AAC(6Ј)-29b-His 6 upon addition of either dibekacin, tobramycin, sisomicin, or kanamycin A indicated that the binding of these aminoglycosides modified the environment of at least one of the tryptophan residues. The measured dissociation constants of Ͻ10 Ϫ6 M (see Results) for these compounds demonstrate that they bind very tightly to AAC(6Ј)-29b-His 6 , exhibiting at least 10-times-higher affinity than observed for AAC(6Ј)-Iy (9) . In this category of tight-binding ligands, sisomicin was distinguishable from the others, since its binding resulted in a small decrease in intrinsic fluorescence as opposed to a significantly larger increase in fluorescence, suggesting different interactions in the binding site of AAC(6Ј)-29b. Two structural characteristics distinguish dibekacin from sisomicin, which could be responsible for this different change in the tryptophan environment upon binding: an unsaturation between the carbon 4Ј and 5Ј present in sisomicin and the substituents on the double prime ring. An increase in the intrinsic fluorescence of the protein was also observed upon the addition of amikacin, but this compound exhibits a lower affinity for AAC(6Ј)-29b-His 6 . Amikacin differs from kanamycin A only by a hydroxybutyramide substituent at the N 1 position (Fig. 2) , suggesting that a substitution in this position adversely affects binding to AAC(6Ј)-29b, as has been previously reported for different subclasses of aminoglycoside-modifying enzymes (2) . The intrinsic fluorescence of AAC(6Ј)-29b-His 6 was not affected by the addition of netilmicin, which differs from sisomicin only by an N 1 ethyl substitution (Fig. 2) .
Using ITC methods, we demonstrated that netilmicin does not bind in an enthalpically driven process to AAC(6Ј)-29b-His 6 . Thus, the binding affinities of the various aminoglycosides for the protein (shown above) correlate exactly with the MICs (Table 1 ). This suggests that resistance mediated by AAC(6Ј)-29b is due to the sequestration of the drug as a result of very tight binding rather than to inactivation of the aminoglycosides as a result of enzymatic modification. This proposal is supported by the MIC of dibekacin obtained for E. coli LMG194/pBAD::aacA29b-his 6 (Table 2) , which correlates directly with the amount of AAC(6Ј)-29b-His 6 produced by the bacterium, and does not appear saturable in the range of inducer L-arabinose concentrations studied.
The sequence of AAC(6Ј)-29b was aligned with those of the other AAC(6Ј)-I family members (Fig. 1) by aligning the last 14 residues of the protein with the carboxy-terminal region of AAC(6Ј)-I protein containing conserved cationic residues. This alignment revealed an 18-amino-acid internal deletion that includes one of the most conserved residues among the N-acetyltransferase superfamily (22) , phenylalanine 131 or 171, numbered according to AAC(6Ј)-Iy or AAC(6Ј)-Ib, respectively (Fig. 1) . A previous study showed that this residue is important for the ability of AAC(6Ј)-Ib to modify aminoglycosides possessing a substituent at the N 1 position in vivo (3), and the lack of this phenylalanine in AAC(6Ј)-29b could be responsible for the substantially weaker binding of the N 1 -substituted aminoglycosides, amikacin and netilmicin.
While significant changes in the fluorescence of AAC(6Ј)-Iy accompany acyl-CoA binding (9) , the addition of neither acetyl-CoA nor malonyl-CoA affected the intrinsic fluorescence of AAC(6Ј)-29b-His 6 . ITC of the protein with acetylCoA also demonstrated no significant binding of acetyl-CoA to AAC(6Ј)-29b-His 6 . This cannot be explained by the presence of bound acetyl-CoA or CoA, since upon heat denaturation of the protein followed by ultrafiltration, no A 260 due to CoA was observed in the ultrafiltrates. The recently solved three-dimen-sional structure of the AAC(6Ј)-Iy-CoA complex suggests a structural basis for these observations. The deletion in AAC(6Ј)-29b corresponds to a region in AAC(6Ј)-Iy that forms an ␣ helix that interacts directly with bound CoA (M. Vetting, unpublished data). In addition, a conserved glycine located in a region that also has interactions with the CoA pyrophosphate ( Fig. 1) and previously reported as being important determinant of acetyl-CoA binding to acetyltransferases (15) is substituted for by a negatively charged aspartate in the AAC(6Ј)-29b sequence, possibly generating unfavorable electrostatic interactions for folding or ligand binding. The inability of AAC(6Ј)-29b-His 6 to bind acetyl-CoA explains the very low acetyltransferase activity and supports a mechanism of resistance involving sequestration of the drug by high-affinity protein binding.
Modification of ribosomal components, decrease of the intracellular concentration of the drug by impermeability or efflux, and enzymatic modification of the drug are the three known aminoglycoside resistance mechanisms found in bacteria. The aminoglycoside phosphotransferase APH (3Ј)-I, encoded by the conjugative plasmid pIP1518 of E. coli HM69, which confers low-level resistance to tobramycin, represents the only reported example of aminoglycoside resistance due to drug binding (20) . In this report, we have shown that AAC(6Ј)-29b-His 6 is able to confer selective, high-level aminoglycoside resistance by binding the drug and not by enzyme-catalyzed acetylation. High-level aminoglycoside resistance can be obtained in P. aeruginosa via this mechanism by a combination of events. This bacterium exhibits an intrinsic, low-level aminoglycoside resistance due to the relative impermeability of its outer membrane and the expression of transporter systems able to efflux aminoglycosides from the cell (1, 26) . In addition, a relatively high intracellular concentration of AAC(6Ј)-29's would be obtained by the presence of two similar structural genes (aacA29a and aacA29b). Finally, we have shown that AAC(6Ј)-29b-His 6 exhibits an extremely high affinity for selected aminoglycosides.
